Abstract In the summer of 2017, we deployed 174 nodal geophones in the Cascadia Subduction Zone forearc with the specific aim of conducting a high-resolution receiver function study. The dense trench perpendicular line in central Oregon with 500-m spacing recorded continuous data for approximately 40 days. Our plate tectonic-scale imaging results show the same features as previous broadband seismic deployments including the top of the subducting Juan de Fuca Plate, the slab Moho, and the continental Moho. Although our deployment was limited to around 40 days, the dense station spacing allowed us to image the shallow Oregon forearc in remarkable detail. In our shallow results, we image a continuous positive arrival that we interpret as the top of the accreted Siletzia terrane. We suggest that hybrid nodal/broadband deployments could be used in conjunction with offshore seismic studies to image subduction zones in unprecedented detail.
Introduction
From a global perspective, the Cascadia Subduction Zone is a relatively anomalous subduction zone. Its warm thermal structure (Syracuse et al., 2010) owing to the young age of the incoming plate (<10 Ma; Kirby et al., 1996) classifies it as a hot end-member subduction zone (Abers et al., 2017) . Global Positioning System-derived locking models also show varying degrees of updip and downdip locking with significant along strike variability (McCaffrey et al., 2013) . Furthermore, its segmented seismic nature focuses most of the Wadati-Benioff earthquakes along the northern (Washington and Vancouver Island) and southern (northern California) extremes of the margin leaving a relatively aseismic central segment (Oregon; McCrory et al., 2012) . The enigmatic seismicity along this margin makes it difficult to identify spatial and temporal variations in earthquake hazards without other indirect approaches (e.g., Hyndman, 2013; Leonard et al., 2010; Wang et al., 2013) .
In central Cascadia, the forearc basement in northern Oregon and southern Washington is dominated by submarine and subaerial oceanic basalts that range in age from 56 to 49 Ma (Wells et al., 2014) . The irregular distribution of Siletz River Volcanics (Oregon) and the Crescent volcanic suite (Washington) represent outcrops of the larger Siletzia terrane (ST) thought to have accreted~50 Ma. The overthickened crust of the ST is interpreted as a product of oceanic hot spot volcanism now associated with the plume that fuels the Yellowstone hot spot in the Cordilleran interior (Wells et al., 2014) . Upon entering the Eocene subduction zone, the ST docked with North America deforming the edge of the Columbia Embayment and causing the WARD ET AL.
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Key Points:
• We present results from the first large-scale onshore three-component nodal geophone deployment across a subduction zone forearc • Radial receiver function images show the major subduction zone converters including the top-of-slab, slab Moho, and continental Moho • High-frequency receiver functions show strong continuous shallow crustal arrivals across the Siletzia terrane
Supporting Information:
• Movie S1
• Figure S1 Correspondence to: location of the subduction zone boundary to jump~300 km west to near its present location (Wells et al., 2014) . Thus, a better understanding of the complicated upper plate structure is interesting from a tectonics standpoint but is also a key component in understanding earthquake processes at the subduction zone interface (i.e., locked portion, pore fluid pressure, and geometry).
To better understand the nature of the plate interface and the subsurface structure along a section of the Oregon forearc, and to explore the possible use of a new seismic instrument technology, we deployed 174 autonomous three-component 5-Hz Fairfield Nodal Zland geophones in central Oregon (Figure 1 ). The specific array design was chosen for comparison with a previous broadband seismograph deployment (Li & Nábělek, 1999; Nábělek et al., 1993; Tréhu et al., 1994) . Scientific motivations for the nodal geophone deployment were twofold. First, we wanted to see if new instrument technology that afforded greater station density but shorter sampling duration could reproduce some of the radial receiver function (RF) results derived from the original broadband deployment. Second, we wanted to explore what new features could be recovered by the denser spacing of the nodal array. Here we present our new RF results and highlight future large-scale (>100 km) uses of a limited-duration but dense nodal geophone deployments.
Data and Methods
In the summer (June, July, and August) of 2017, the University of Utah in collaboration with the University of Arizona, the University of Oregon, and the University of New Mexico deployed 174 autonomous three-component 5-Hz Fairfield Nodal Zland geophones in central Oregon (Figure 1 ). The east-west (~130 km), approximately trench perpendicular line started on the coast in Waldport, Oregon, and traversed the Coast Range (CR), the Willamette Valley (WV), and the Western Cascades (WC) recording continuous data for~40 days (battery life limit). The~500-m station spacing represents an order of magnitude improvement on previous passive source deployments (Nábělek et al., 1993) . Such high-density deployments have recently become much more practical owing to new instrument technology. Typically, these new instruments (nodes) have been used to target smaller scale (~1 km) and shallower geological features (e.g., Wu et al., 2017) . Our Cascadia 2017 array represents an early effort to utilize this technology to address lithospheric-scale imaging problems (Liu et al., 2018) . Here we focus primarily on RF imaging but note that other applications are possible (e.g., surface or body wave tomography).
RFs
Individual three-component 5-Hz nodal geophones are capable of generating RFs comparable with co-located broadband seismometers (Liu et al., 2018; . Although the relatively limited deployment duration of the nodes (~40 days) compared to intermediate and broadband seismometers (months to years) limits the number of teleseismic events available for RF analysis, the greater station density of the nodes allows more information to be extracted from each event. We exploit the greater station density by introducing a simple array-based approach of generating RFs that reduces noise and emphasizes true signals. This is especially useful at higher frequencies where the lateral station density allows coherent features to be distinguished from noise. Our array-based approach includes the assumption that subsurface structures are effectively laterally invariant over relatively small distances. (Li & Nábělek, 1999; Nábělek et al., 1993; Tréhu et al., 1994) Individual station preprocessing of the waveform data prior to calculating radial RFs is treated the same way as outlined by Ward and Lin (2017, and references therein) . Each of the nine teleseismic (30°-90°) events (>6.0 Mw) recorded by the array are windowed around the theoretical direct P arrival (À15:P:75 s), band-pass filtered (0.1-8.0 Hz) during the instrument removal, and rotated into the ZRT (vertical, radial, and transverse) earthquake reference frame. Our new array-based approach adds the additional step of cross correlating the vertical and radial components of each station (reference station) with every other station's equivalent component. For consistency, we shift the radial and vertical components by the same lag time measured from the maximum cross correlation of the vertical component. This allows an arbitrary distance window around the reference station to be selected (0-5 km radius in this study) where the vertical and radial components of other stations within that distance window can be moveout corrected and stacked about the reference station ( Figure S1 ) prior to calculating RFs (Ligorría & Ammon, 1999) . A distinct advantage of this additional step is the reduction of noise (particularly on horizontal components) while also providing an automated way of excluding bad stations (e.g., node was knocked over, dead channel, etc.).
After the vertical and radial traces have been moveout corrected, the correlation coefficients are calculated and only pairs with a correlation coefficient of 0.5 or greater are included in the pre-RF stack (or spatial pre-RF stack). If only one component meets these criteria, both are excluded from the stack. If the reference station is bad (e.g., correlation coefficient < 0.5), no neighboring stations are stacked from within the distance window resulting in no RF being generated for that location. We note that the correlation coefficient threshold of 0.5 or greater is arbitrary, as a threshold range from 0.15 to 0.85 would have produced the same results. This is because the correlation coefficient of bad stations is always close to 0 (<0.15), whereas the correlation coefficient of good stations is very high (>0.85).
In addition to the spatial pre-RF stacking approach afforded by the dense station spacing, temporal stacking of the RFs from multiple events (with similar back-azimuths and ray parameters) can further reduce noise and enhance robust features. Individual event RFs (i.e., no temporal post-RF stacking) are presented in Figures S2 and S4 and the associated metric of how well the deconvolution is fitting the radial components ( Figures S3  and S5 ); however, all results shown in the main text are stacks of two events (i.e., with temporal post-RF stacking; Table S1 ). We also include in the supporting information a series of comparison figures ( Figures S6-S8 ) that highlight what features are resolvable with varying station spacing along our line.
In Figure 2 , we present a spatial pre-RF stacking distance window of 0 km (i.e., no spatial pre-RF stacking), 5 km (2.5 km radius), and 10 km (5 km radius); however, we note that the choice of a stacking distance window is arbitrary and have included in the supporting information an animation example (Movie S1) that cycles through stacking distance windows from 0 to 10 km in small increments (~160 m). Unfortunately, our array did not record a sufficient azimuthal distribution of useable events (high signal-to-noise ratio) to generate a common conversion point stack image (e.g., Dueker & Sheehan, 1997) , suggesting that a hybrid broadband/nodal deployment strategy might provide additional imaging possibilities in the future. Nevertheless, our RF results show remarkable agreement with previous RF studies where comparable (e.g., Audet et al., 2010; Tauzin et al., 2017) while illuminating finer scale crustal structures only resolvable with the dense station spacing of our nodal array.
Typically, pushing the frequency content (Gaussian filter) of RFs to higher values (>3 Hz) is avoided because it becomes increasingly difficult to separate noise from coherent signals, except in arrays with unusually small station spacing (e.g., Leahy et al., 2012) . However, dense nodal arrays allow for higher frequency RFs, and thus more detailed shallow imaging, because laterally continuous arrivals can be traced across several geophones as a qualitative discriminator (e.g., Leahy et al., 2012; . Additionally, array-based approaches, such as the approach developed here, can further leverage the dense data coverage to reduce noise and enhance robust features. In Figure 3 , we present an example of high-frequency RFs with a Gaussian value of 10 (~4.8 Hz) and a stacking distance window of 10 km (5-km radius). These stacked high-frequency RFs were depth-migrated using the FuncLab Software (Porritt & Miller, 2018 ) and a regional 3-D velocity model (Porritt et al., 2014) .
Results
We focus on the primary conversions observed in our results and limit our discussion and subsequent interpretation to those features. While numerous previous studies have used the multiples (e.g., Audet et al., 2010; Audet & Schaeffer, 2018; Hansen et al., 2012) to better constrain the depths and Vp/Vs ratios above select interfaces in subduction zone settings, it is not yet clear if our preprocessing method preserves those multiples as clearly as seen in previous broadband deployments. Future work will focus on extracting more information using the multiples with this data set as well as other nodal data sets (Wu et al., 2017) . Nevertheless, we include in Figures S9, S11b, and S12b where multiples from the primary arrivals we focus on here can be observed. Thus, with the dense station spacing and relatively clear primary arrivals seen in our results, there is complementary benefit to deploying both nodes and broadband instruments in a hybrid deployment. We also limit our discussion to the radial RFs as our short-duration deployment yielded a narrow range of event back azimuths. However, we have included in the supporting information a figure ( Figure S10 ) that show the transverse RFs. Figure 2 ). The eastern edge of the slab Moho we image is remarkably consistent with previous broadband studies; however, our results show a laterally continuous feature. Conversely, the dipping negative arrival just above the slab Moho is consistent with the slab depth model (McCrory et al., 2012 ) and the results from previous broadband studies; however, in detail the feature we image is segmented (discontinuous) from the coast to the WC.
Plate Tectonic-Scale Results
Stacked
The positive arrival we interpret as the continental Moho is observed at~122.9°W under the WC and continues to the eastern limit of our array, albeit at a reduced amplitude. Over 20 stations resolve this feature, and it is clearly observed even in the noisier individual station results (Figure 2a) . However, previous studies have not imaged the continental Moho as far west under this section of the WC as in our results so a direct comparison with other RF results is not possible. Nevertheless, the positive arrival we interpret as the continental Moho does not extend west of~122.9°W and its absence under the WV is consistent with the presence of a hydrated mantle wedge postulated in several previous studies (Abers et al., 2017; Blakely et al., 2005; Bostock et al., 2002) . This is because a hydrated mantle wedge would predict a lower velocity mantle wedge. Thus, in comparison to the slower velocities of the crust, the continental Moho arrival might appear as weaker, absent, or inverted depending on the degree of mantle hydration and associated velocity reduction (Bostock et al., 2002) .
Shallow Crustal-Scale Results
The order of magnitude greater station density afforded by our passive source nodal array allows exploration of the shallow crust in unprecedented detail along this forearc transect. In our high-frequency (~4.8 Hz) stacked and depth-migrated radial RF results (Figure 3 ), several laterally continuous arrivals can be observed. Perhaps most prominent is a highly variable positive arrival observed between 1 and 5 km that extends the entire length of the array. This horizon reaches its greatest depth (~5 km) at the coast and in the eastern WV and is shallowest (~1 km) around 123.6°W. The multiples of this arrival are perhaps observable along the CR and WC but appear absent under the WV likely as a result of interference from multiple reflections within the basin.
Discussion
The main focus of this study was to evaluate the possibility of using a dense nodal geophone array to conduct a RF analysis on a lithospheric scale, and a key metric of success would be the ability to image similar features interpreted from previous broadband RF studies across the area (e.g., Audet et al., 2010; Tauzin et al., 2017) . These features include the top of the subducting Juan de Fuca Plate, the slab Moho, a hydrated mantle wedge (where continental Moho and slab conversions are absent or weak), and the continental Moho. We left our plate tectonic-scale results in the time domain (i.e., not depth migrated) for two different Gaussian filters (~0.5 and~2.4 Hz) to facilitate this comparison ( Figures S11 and S12 ). Within the depth estimate uncertainties of the top-of-slab (McCrory et al., 2012) and derived slab Moho, both dipping horizons are clearly seen in the stacked results (Figure 2c) . Furthermore, the positive arrival we interpret as the continental Moho (~5 s) is also within existing Moho depth estimates (~40-km depth) based on other data sets (McCrory et al., 2014) .
Nature of the Plate Interface
Whereas our discussion thus far has focused on ability to recover similar features found by broadband RF studies, we now focus on the structural details only visible in our dense nodal array results. In Figure 2d , we plot tremor density (Wech & Creager, 2008) identified through April 2018 (Wech, 2010) by collapsing and projecting tremor locations from 5 km north and south of our line (44.428°N). Binning tremor 5 km north and south of our line is somewhat arbitrary, but we note that the general trend and location of peak tremor density do not vary significantly with a larger north/south bin and that the distribution is nearly symmetric about our array axis. This is relevant to our study as previous studies have indicated tremor originates at or near the plate interface (La Rocca et al., 2009; Thomas & Bostock, 2015; Wech & Creager, 2007) .
A close examination of the negative arrival (strength or absence) we interpret as the top-of-slab imaged in our results reveals an interesting correlation with tremor density for this region. Both updip and downdip of the tremor density peak under the CR (~123.7-123.4°W), we observe a negative arrival that is consistent with the expected location of the top of slab. However, this negative arrival weakens and is no longer observable where tremor density is greatest (~123.7-123.4°W), whereas the positive arrival we interpret as the slab Moho is continuous over this entire distance. The local absence of a negative top-of-slab arrival suggests that there is a fundamental difference along the plate interface compared to locations both updip and downdip of the peak tremor density (~123.7-123.4°W). This observation is somewhat inconsistent with previous studies that have associated low-velocity zones (i.e., continuous negative arrivals above the slab Moho) with elevated episodic tremor and high pore fluid pressure along other sections of subduction zones (e.g., Audet & Burgmann, 2014; Audet & Schaeffer, 2018) . Furthermore, previous studies that have migrated RFs to depth from the older broadband deployment (Nábělek et al., 1993) show a continuous negative shear-wave velocity perturbation above the slab Moho along the same section we observe a discontinuous negative arrival (e.g., Bostock et al., 2002; Tauzin et al., 2017) .
A possible explanation for the apparent discrepancies in the nature of the plate interface as imaged from the broadband and nodal data sets is the different source distributions and thus spatial sampling/averaging. Audet et al. (2010) present RFs binned into three different back azimuths from the original broadband deployment, and the amplitude of the primary arrival associated with the top of the subducting slab under the CR varies with back azimuth and downdip location. It is possible that when all of the broadband data from multiple source back azimuths are integrated into a 2-D profile, small-scale variations are smoothed away. Thus, our array may be imaging small-scale (~10 km) heterogeneity along the plate interface, as our results are limited to one narrow back-azimuth window (Table S1 ). Another possibility is that our narrow event back azimuth window is not fully capturing the effects of an anisotropic slab over the region we are imaging (Song & Kim, 2012) .
Along the Cascadia Subduction Zone, tremor density gradually increases both north and south of our line and is lowest in central Oregon (Wech, 2010) . Relative to the northern (Washington and Vancouver Island) and southern (northern California) sections, the Oregon forearc has more crustal faults that may extend all the way to the megathrust, potentially providing paths for vertical fluid migration and reducing pore fluid pressure along the plate interface (Wells et al., 2017) . Furthermore, the mafic composition of the overriding plate (ST) may limit the amount of quartz (SiO 2 ) invoked at other locations to effectively seal the megathrust and preserve the low-velocity zone (Audet & Burgmann, 2014; Hyndman et al., 2015) . Thus, in our nodal results (Figure 2 ), the correlation of peak tremor density with the weak to absent negative arrival associated with the top of the slab under the CR may simply be an artifact of trying to generalize a 10-km-wide swath of spatially variable tremor locations. Or, our results might suggest that fluid overpressure (as evidenced by a low-velocity zone) may not be essential for generating subduction zone tremor even if it promotes more abundant tremor in other areas. In either case, we suggest that a dense 3-D nodal deployment may be one component of a targeted effort to better understand the complexity of the plate interface and how it is linked to variations in seismogenic processes.
Geometry of the ST
In addition to providing an opportunity to refine our understanding of the plate interface (at least on local scales), our high-frequency (~4.8 Hz) radial RF results (Figure 3 ) demonstrate unprecedented potential for shallow passive source imaging over a relatively large footprint. For comparison, we have also included the unmigrated version of the high-frequency RFs in Figure S13 . These results include several laterally continuous arrivals that likely have an interesting tectonic interpretation. Future work will include jointly inverting surface waves with the RF results from this study into a detailed 2-D shear-wave velocity model. Therefore, for the scope of this paper and with the expectation that the structural details will be further refined, we focus on the shallow positive arrival (~1-5 km) to illustrate the details a large footprint dense nodal array can resolve.
Several existing lines of evidence suggest that the shallow positive arrival we image represents the top (or unweathered top) of the mafic ST. For example, offshore multichannel seismic reflection and refraction surveys image a fast velocity anomaly around 3-to 4-km depth at the coast (~124.1°W) that is interpreted as the mafic ST (Tréhu et al., 1994 (Tréhu et al., , 2012 . The positive polarity arrival we image is deepest at the coast (~5 km), slightly deeper than offshore imaging observes. One possible explanation for this apparent discrepancy is that the velocity modeled used to migrate the RFs from time to depth may not be accurate enough. Future work that incorporates surface waves into a joint shear-wave velocity inversion should be able to address that possibility. Another possible explanation is that our results are imaging the unweathered top of the ST that might be deeper onshore. This is somewhat supported by the surface geology (Figure 3b) where the ST outcrops (Siletz River Volcanics). As the ST outcrops across our array and if the positive arrival we see across the array was imaging the top of the ST, we would not expect to observe (distinguish from the initial coherence peak) any arrival at those stations as the arrival would be at 0 s. Although the positive arrival is shallowest (<1 km) under this unit (~123.6°W), we still observe the arrival suggesting that it does not directly correlate with the top of the marine basalts (ST).
Further to the east under the WV, the positive arrival dips gently to the east reaching a maximum depth 4 km (~123.1°W) and is consistent with the WV being an eastward dipping homocline (Yeats et al., 1996) . It is interesting to note the positive arrival shallows to~2 km under the westernmost WC and continues eastward well east of the surface geology that defines the modern WV. This general basin geometry has been observed before where the seismic velocities associated with the basin sediments extend under the surface volcanics of the WC (Tréhu et al., 1994) . The positive arrival extends across our entire array, and therefore, we cannot define the eastern limit of the ST. However, modeling of both aeromagnetic and Bouguer gravity anomalies suggests that the ST is present in the crust across our entire array (Blakely et al., 2005) and is therefore further supportive of our interpretation.
Conclusions
We deployed 174 autonomous three-component 5-Hz nodal geophones in central Oregon occupying the same location of a previous broadband deployment (Nábělek et al., 1993) with 10 times the station density. Features seen in previous studies based on the older broadband deployment are clearly seen in our results and include (1) the top of the subducting Juan de Fuca Plate, (2) the slab Moho, (3) a hydrated mantle wedge, and (4) the continental Moho. Higher frequency results reveal several shallow robust features with the top of the accreted ST imaged in unprecedented detail. The RF imaging results presented here illustrate how this deployment strategy could be scaled for detailed 3-D imaging of a subduction zone interface either in a well-studied subduction zone or for rapid characterization in a subduction zone system where less is known. We envision hybrid passive source deployments with many (Large-N) nodal geophones and a backbone of broadband seismometers and/or nodal deployments that leverage controlled source offshore seismic surveys as a transformative component of future subduction zone imaging efforts.
